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We disclose the effects of an extra longitudinal degree of freedom on the evolution of perturbations in the
framework of mimetic gravity. We consider a flat Friedmann-Robertson-Walker background and explore
the linear perturbations by adopting the spherically symmetric collapse formalism. By suitably choosing
the potential of the mimetic field, we are able to solve the perturbed field equations in the linear regime and
derive the matter density contrast §,, in terms of the redshift parameter z. We observe that §,, starts growing
at the early stages and, as the Universe expands, it grows faster compared to the standard cosmology. This
may due to the extra degree of freedom of the gravitational field which affects the growth of perturbations.
We observe that in the presence of a mimetic potential, the growth rate function is smaller than the ACDM
model in small redshifts. We then consider the effects of this potential on the density abundance, the
deceleration parameter and jerk parameter. We find out that mimetic potential can play the role of dark
energy (DE) and affects the dynamics of matter perturbations and cosmological parameters. We also
investigate the mass function and the number count for the collapsed objects in the mimetic scenario. We
find that the mass function of models with potential is smaller than the model without potential. With the
decreasing the role of DE, the mass function starts to grow in smaller redshifts; i.e., halo abundance is
formed later. It is found that the more massive structures are less abundant and form at later times, as it

should be in the hierarchical model of structure formation.
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I. INTRODUCTION

Einstein’s theory of general relativity (GR) is one of the
foundations of modern physics along with the quantum field
theory [1]. Until now, GR has successfully passed various
excremental and observational tests such as bending of light,
gravitational time dilation, gravitational lensing, precession
of the Mercury orbit, etc. [2]. Another successful prediction
of GR is the existence of the gravitational waves which was
detected directly from merging of black holes in the Laser
Interferometer Gravitational-Wave Observatory (LIGO) [3].
This detection, a century after the theory was established by
Einstein in 1915, is a great achievement in science and opens
a new window, gravitational-wave observatory, to look at the
Universe. Despite the huge success of GR, it still suffers to
explain some cosmological observations such as the flat
galaxies rotation curves [dark matter (DM) puzzle], the
initial and the black hole singularities and the accelerated
expansion of the Universe [dark energy (DE) puzzle].
Therefore, either alternative theories of gravity or new
components of matter/energy have been proposed to explain
the observed phenomenons.
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Modified gravity theories have achieved great develop-
ment and performance in the explanation of some unsolved
problems of GR. One of the modifications to GR is the
mimetic theory of gravity which was suggested as a new
explanation for the DM puzzle [4]. In this scenario, a
mimetic scalar field @ is introduced which is not dynamical
by itself, nevertheless it makes the longitudinal degree of
freedom of the gravitational field dynamical. This dynami-
cal longitudinal degree of freedom of the gravitational
field can play the role of mimetic pressureless DM [4].
A modified version of mimetic gravity can address the
cosmological singularities [5] as well as the singularity in
the center of a black hole [6]. Besides, it has been
confirmed that the original setting of the mimetic theory
predicts that the gravitational wave (GW) propagates at the
speed of light, ensuring agreement with the results of the
event GW170817 and its optical counterpart [7-9]. It has
also been shown that this theory can explain the flat rotation
curves of spiral galaxies without needing to particles DM
[10,11]. The mimetic theory of gravity has raised a lot of
enthusiasm in the past few years both from the cosmo-
logical viewpoint [12-31] as well as black holes physics
[32-51]. The investigations on the mimetic theory of
gravity were also generalized to f(R) gravity [52-65] as
well as Gauss-Bonnet gravity [66-70]. In particular,
a unified description of early inflation and late-time
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acceleration in the context of mimetic f(R) gravity was
established in [71]. It has been confirmed that in the
background of mimetic f(R) gravity, the inflationary era
can be realized [71].

Observations confirm that almost 26% of the energy
budget of the Universe corresponds to the DM sector, while
around 69% constitutes the DE [72]. There are enough
evidences that support the existence of DM and DE in the
Universe [73]. DE has became relevant only more recently
and is presumed to be a smooth component with a negative
pressure. DE has an antigravity feature and pushes the
Universe to accelerate and therefore is responsible for the
acceleration of the cosmic expansion (for a recent review on
DE and DM see [74]). DM plays two important roles in the
Universe evolution. First it provides enough gravity for the
rotation of the spiral galaxies as well as cluster of galaxies.
Second, it plays a crucial role in the growth of perturbation
and structure formation in the early stage of the Universe.
The latter is due to the fact that DM has no electromag-
netism interaction (no photon radiation) while it enjoys the
gravitational interaction. As a result, DM begins to collapse
into a complex network of DM halos, while ordinary matter
continues its collapse due to the photon radiation and
finally settles down into the well potential of the DM.
Without DM, the epoch of galaxy formation would occur
substantially later in the Universe than is observed.

Understanding the origin and physics of the growth of
perturbations in galaxies and clusters of galaxies has been
one of the main challenges of modern cosmology. This is of
great importance, since these perturbations eventually lead
the large scale structure of the Universe. It is a general
belief that the large scale structure of the Universe such as
galaxies and clusters of galaxies arise from gravitational
instability that amplifies very small initial density fluctua-
tions during the Universe evolution. Such fluctuations then
grow slowly over time until they get robust enough to be
detached from the background expansion. Finally, they
collapse into gravitationally bound systems such as gal-
axies and clusters of galaxies. In other words, the primor-
dial collapsed regions serve as the initial cosmic seeds for
which the large scale structures are developed [75,76].

An appropriate approach to investigate the growth of
perturbations and structure formation is the so-called top-
hat spherical collapse (SC) model. The results of the
observational data [77] show that most of the structures
are formed from nonlinear evolution of perturbations in the
dark age period (10 < z < 100) [78]. The dark age is the
period between the time when the cosmic microwave
background was emitted and the time when the evolution
of structure in the Universe led to the gravitational collapse
of objects, in which the first galaxies were formed. The
simplest analytical approach to study nonlinear structure
formation is the SC model [79]. In this model, one
considers a uniform and symmetrical spherical perturbation
in an expanding background. The symmetry of this model

allows us to treat a spherical perturbation in a Friedmann-
Robertson-Walker (FRW) universe. In other words, we can
describe the growth of perturbations in a spherical region
using the same Friedmann equations for the underlying
theory of gravity [80]. According to the SC model, at early
times, primordial spherical overdense regions expand along
the Hubble flow. Since the relative overdensity of the
overdense region with respect to the background is small,
the linear theory is enough to study their evolution. At a
certain point, gravity starts dominating and overcomes the
expansion rate. Eventually, the sphere reaches a maximum
radius and completely detaches from the background
expansion. The following phase is represented by the
collapse of the sphere under its own self-gravity. The exact
process of collapse due to gravitational instability depends
strongly on the dynamics of the background Hubble
flow [81]. The effects of DE on the structure formation
has been investigated in various scenarios [82]. In the
context of mimetic gravity, the cosmological perturbations
have been investigated in [83]. Our work differs from [83]
in that instead of using the Newtonian gauge, we use SC
formalism to examine the evolution of perturbations.

The outline of this paper is as follows. In Sec. II, we
provide a review on mimetic gravity and derive the corre-
sponding Friedmann equations in the context of mimetic
cosmology. In Sec. III, using the spherically collapse
approach, we explore the growth of matter perturbation in
the background of flat mimetic cosmology. In Sec. IV, we
study the mass function and number count of the collapsed
objects in the mimetic scenario. The last section is devoted to
the conclusion and discussion.

II. MIMETIC COSMOLOGY

According to the mimetic theory of gravity, the physical
metric g, is related to the auxiliary metric g, and scalar
field @ through a conformal transformation [4]

Y = gyvgaﬂaaQaﬂq)v ( 1)

where the physical metric g,, is invariant under the
conformal transformations of the auxiliary metric g,
namely, under g, — Q§,,, we have g,, — g,

The action of mimetic gravity in the presence of a
mimetic potential is given by [14]

S = /d“x\/—_g{%jtg(aﬂq)aﬂq) —1) = V(D) + L],
(2)

where R is the Ricci scalar, £, is the Lagrangian of matter,
g is the determinant of the physical metric, and 1 is a
Lagrange multiplier. Here V(®) is an arbitrary function of
the scalar field @, and the factor 1/2 in front of the
Lagrange multiplier 4 is introduced for later convenience.
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Such a model has been shown to provide an economical
way of reproducing a number of simple and well-motivated
cosmological scenarios, relevant for both early- and late-
time cosmology, without the need for neither an explicit
DM nor dark fluid [12]. Throughout this work, we take
x* = 872G = 1, for simplicity. By varying the above action
with respect to the physical metric g,,, one can derive the
field equations as [14]

G +40,20,® + g, V(®) = T, (3)

where G, is the Einstein tensor and 7, is the energy
momentum tensor of the usual matter. Variation of the
action (2) with respect to Lagrange multiplier 4 yields

9" 0,00,® = 1. (4)

This constraint, which is consistent with conformal trans-
formation (1), implies that the scalar field is not dynamical
by itself, however, it encodes a new longitudinal degree of
freedom to the gravitational field [4]. By varying action (2)
with respect to the mimetic field ®, we find [14]

av
VH(20,@) + 1 0. (5)
This equation can also be derived by taking the covariant
derivative of Eq. (3) and using the fact that V¥G,, = 0,
together with the continuity equation V#T,, = 0. We also
assume the background is homogeneous, isotropic and
spatially flat with line elements,

ds? = di* — (1) (dx* + dy* + dz?), (6)

where a(7) is the scale factor of the Universe and we have
taken the spacetime signature as (+, —, —, —). For homog-
enous cosmology, the mimetic scalar field is only a function
of time, ie., ® = ®(¢). Inserting into condition (4)
immediately yields

> = 1. (7)

Integrating (assuming ® > 0), we get ® = 7, where we
have also set the integration constant equal to zero. We
further assume the energy content of the Universe is in
the form of perfect fluid with energy-momentum tensor
Ty = diag(p, —p,—p, —p), where p and p are, respectively,
the energy density and pressure of the fluid. Conservation
of the energy-momentum tensor, V7, = 0, in the back-
ground of a FRW universe leads to

p+3H(p+p)=0. (8)

So the energy density of the pressureless matter can be
written as p,, = pm,oa‘3. The cosmological field equations

can be derived by substituting the metric (6) and the energy
momentum tensor in the field Egs. (3) and (5). We find [14]

3H> =p—-21-V, 9)
3H? +2H = —(p + V), (10)

: av
A+3HA4+—=0, 11
+ +-5 (11)

where H = a/a is the Hubble parameter. Let us note
that we can distinguish three sectors for the energy
components. First is the usual matter with energy density
p and pressure p. The second is the mimetic field which
plays the role of DM and contributes through 4 in the field
equations. Third is the mimetic potential, V, which plays
the role of DE. The first Friedmann equation (9), using the
definition of density parameters, can be rewritten

Q,+Q,+Qy =1, (12)
Pm

Q =-—, 13

m 3H2 ( )

Q, =0 _ (14)
dm = 1_3H27
-V

Q) =Qy=—. 15

de \%4 3H2 ( )

Using the fact that @ = ¢, Eq. (11) can be written as
—+ 31+ ——=0. (16)
na na

Thus, if we make the following ansatz for the potential,

p

V(Cl) = —m

Aa), (17)
then we can solve analytically Eq. (16) to arrive at
Ma) = dga30HP), (18)

where £ is a dimensionless constant and 4 is the present
value of A, and we have chosen ay = a(t = t;) = 1. Hence
the explicit form of the mimetic potential is given by

__Ph s
V(a) B a . (19)
In the absence of the mimetic potential (f = 0 = V), from
Eq. (18) one can see that 1 = Aya™>, namely the field
mimics DM [4].

As we shall see the mimetic potential indeed plays the
role of DE and can lead to the acceleration of the cosmic
expansion. Besides, in our model, we assumed the mimetic

024053-3



BITA FARSI and AHMAD SHEYKHI

PHYS. REV. D 106, 024053 (2022)

potential (which plays the role of DE) is a function of 4
(which plays the role of DM). This implies an interaction
between DE and DM. The Hubble expansion rate can be
obtained via Eq. (9) as

H? — pm.0<1 +ﬂ) - l()a_sﬂ
3(1 +p)a’

(20)

So we can define the normalized Hubble parameter as

_H(Z) _ pmo(L+B) = A(1+2)”
EC =5, _\/ 3()I-I§(I+ﬁ)(l()+z)‘3

[(148) + 22 (14 2)%)(1 + 2)3
_ " RNC3)
(1+8) +g=

The evolution of the normalized Hubble parameter versus z
for different values of 8 is plotted in Fig. 1.

In Fig. 2, we have plotted the evolution of the density
abundance Q,,, defined as

- Pm _ (1 +ﬁ)pm~0
QM(Z) B 3H2 B (1 +ﬂ>pm,0 _/10(1 + Z)3ﬂ
(1+p8)%

T 1+ Q0+ Q1+ )P (22)

As we can see from Fig. 2, the matter density abundance
with different # parameters has the same behavior at first,
i.e., all graphs are reduced by decreasing z. In addition
for smaller values of f# parameter, the density abundance
drops faster.
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FIG. 1. The behavior of the normalized Hubble rate for
different values of f.
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FIG. 2. The evolution of the matter density abundance as a
function of redshift z for different values of f.

We can also write the explicit expression for €, as

A =)+ )Y
S 3H? (14 B)pmo — (1 +2)¥
1+ + )Y

(14 P)QY, + Q1 4 2)¥

Q(z)

(23)

In a similar way, the evolution of the density abundance Qy,
is given by

-V Bio(1 + 2)¥
Qy(z) = = 3ﬂ
3H (1+ﬂ)pm,0—ﬁo(1+z)
Q0(1 3
N (G - -
(L4 p)e + (1 +2)
0.02
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FIG. 3. The evolution of the DM density abundance in terms of

the redshift z for different values of f.
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FIG. 4. The evolution of the DE density abundance in terms of
the redshift z for different values of f.

As we can see from Figs. 2—4, in the framework of mimetic
gravity, the different potential suggests different values
for QI Qg and Q(‘),. Comparing to standard values of
the density parameters, ie., Q) = 0.05, QY =0.26 and
QY = 0.69, we find that the best value for the  parameter
is ff ~ —1.3, which corresponds to the ACDM model.

The deceleration parameter in terms of the redshift can
be written as

. H - (1427)dH(z)
¢=-1 "HD @

= (25)

Using Eq. (20) the deceleration parameter is given by

(B4 Dpuo = B+ Dag(1 +2)%
=5 B+ Dppo—Ao(1 +2)¥

q(2) (26)

Let us note that for either f =0 or 4, =0, we have
g = 1/2, which is the result of standard cosmology in
the presence of dust. We have plotted the behavior of the
deceleration parameter ¢(z) for different § parameters in
Fig. 5. We observe that the Universe experiences a
transition from decelerating phase (z > z;) to accelerating
phase (z < z;;), where z, is the redshift at the transition
point. Also we can see that with decreasing f, the phase
transition between deceleration and acceleration takes place
at lower redshifts. Note that g(z) has a phase transition,
for different values of 3, forming deceleration (¢ > 0) to
acceleration (¢ < 0) phase, around z = 0.6 which is com-
patible with observational data.

Another quantity which is helpful in understanding the
phase transitions of the Universe expansion is called the
jerk parameter. This is a dimensionless quantity obtained
by taking the third derivative of the scale factor with respect
to the cosmic time, providing a comparison between

1.01

0.01

q(2)

-0.99 |-

-1.49

FIG.5. The behavior of the deceleration parameter as a function
of redshift for different f.

different DE models and the ACDM (j = 1) model. The
jerk parameter is defined as [84-86]

1 dPa

d

. q
J . (27)
As we know the Hubble parameter, the deceleration
parameter and the jerk parameter are purely kinematical,
since they are independent of any gravity theory, and all of
them are only related to scale factor a or redshift z. For the
ACDM model, the value of j is always unity. A non-
ACDM model occurs if there is any deviation from the
value of j= 1. This is similar as deviation from the
equation of state parameter @ = —1, for other DE models.
Using Eq. (25) in Eq. (27), we can find the jerk parameter in
our model. From Fig. 6 we observe the jerk parameter at

3.52

B=-1.2
B=-1.3

Y] SN I
bbbl i )

202 ~

i@

1.02

0.52

0.02 L ! ! ! ! ! ! !
0 0.5 1 15 2 2.5 3 3.5 4

FIG. 6. The evolution of jerk parameter with respect to redshift
for different values of f parameter.
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FIG. 7. The behavior of the mimetic potential in terms of the
redshift parameter for different .

early time (z > 1) tends to a ACDM model (j = 1). Finally,
we can plot the mimetic potential given in Eq. (19) as a
function of redshift parameter. From Fig. 7, we observe that
as the Universe expands, the potential increases from the
past to the present.

III. GROWTH OF PERTURBATION
IN MIMETIC COSMOLOGY

We consider a universe filled with pressureless matter,
p = pn = 0. In this case Eq. (8) reads
which has a solution of the form p,, = p,, 0a™>, where p,, o
is the energy density at the present time. In order to study
the growth of perturbations, we consider a spherically
symmetric perturbed cloud of radius a,, and with a
homogeneous energy density py,. The SC model describes
a spherical region with a top-hat profile and uniform
density so that at any time 7, we can write p§, (1) = p,, () +
op, 187]. If 6p,, > O this spherical region will eventually
collapse under its own gravitational force and if 6p,, < 0 it
will expand faster than the average Hubble expansion rate,
thus generating a void. In other words, p,, is positive in the
overdense region and it is negative in underdense regions.
In fact, when the Universe is in the matter dominated era,
denser regions expand slower than the entire Universe.
Therefore if their density is enough large, they eventually
collapse and create gravitational constraint systems like
clusters [88]. Similar to Eq. (28), the conservation equation
for a spherical perturbed region can be written as

p% + 3hpt, =0, (29)

where h =a,/a, is the local expansion rate of the
spherical perturbed region of radius a, (subscript p refers
to the perturbed). In order to study the evolution of
perturbations, we define a useful and dimensionless quan-
tity called density contrast as [88]
ém:p_ﬁi_l:épm’

pm pm

(30)

where pf, is the energy density of the spherical perturbed
cloud and p,, is the background density. Taking the
derivative of Eq. (30) with respect to the cosmic time
and using Eqgs. (28) and (29) we obtain

8 = 3(1+8,))(H — h), (31)

. .. 52
=3(H-h)(1 "

b = 3(H = h)(1460) + 15—

(32)

where the dot denotes the derivative with respect to time.
Combining Egs. (9), (10), (19) and (18), we arrive at

(i 1 -143
Y (). o

According to the SC model, a homogeneous sphere of
uniform density with radius a,, can itself be modeled using
the same equations that govern the evolution of the
Universe, with scale factor a [75]. Therefore, we can write
for the spherical perturbed cloud with radius a,, an
equation similar to Eq. (33), namely

ap L/, =143\ .. -3014p)
P — | pe ¢ . 4
p 6<ﬂm+<1+ﬁ Aoap (34)

In general, one may expect 4, and f differ inside and outside
of the spherical region. However, for simplicity here we
propose they are similar, namely A§ =1, and B° = p.
Consider two spheres with equal amounts of material, one
of background material with radius a, and one of radius a »
with a homogeneous change in overdensity, so we have
poay = pua’ [88]. Combining with Eq. (30), we get

pe

a, = a(l +5,)77. (35)
Therefore, Eq. (34) can be rewritten as
dp 1 . _1 + 3ﬂ -3
X i ] (I+8) (1 4 5 \1HP
ap 6 {pm + < 1 +ﬁ g ( + m)
1 . -1+ 3p S3(14p)
=——<p" _ 1 1
(36)
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where we have expanded the last term and only kept the
linear term of o,,. This is due to the fact that we work in the
linear regime where §,, < 1. Combining Egs. (33) and (36)
yields

. .1

H = h=8plpn+ (=143R)hoa ) H2 412, (37)
Substituting Eq. (37) into Eq. (32) and using Eq. (31), we
can find the second order differential equation for the density
contrast J,, as

1
5m_§[pm ( 1+3ﬂ)/10a 1+ﬂ)] m(l +5m)
4 & :
- 2H6,, =0, 38
3T3s, " 2Hom (38)

where the matter energy density is given by p,, = p,.0a>.

In order to study the evolution of the density contrast J,,
in terms of the redshift parameter, 1 + z = 1/a, we first
replace the time derivatives with the derivatives with respect
to the scale factor a. It is a matter of calculations to show that

. .. 1
O =Opal, 8, =G a*H* = a(H* = V)8, (39)

where the prime stands for the derivative with respect to a.
Therefore Eq. (38) with using Eq. (9) can be written as

3
5L 2s 3H2 — Jna=30+PN g
m+2a m+2 Hz( +Pm 0a )m
_Wém(l +8) (Pm + (=1 + 3p)dga™>1P)
4 52
- __—0. 40
3(146,) (40)

Since we are working in the linear regime, thus we
neglect O(52,) and O(§,,%). Combining Egs. (20) and (40),
we arrive at

3 3 a3
S — 5
et 2a " Zaﬂ [(ﬁ + 1)pmo = 103_34 "
3 o (=1 4+ 3B)Aga
——2(ﬁ+1) P ’0+( * ﬁ) Oiﬂ 6m:0 (41)
2a (ﬂ + l>pm,0 - /1061

It should be noted that either in the absence of the mimetic

field (1o = 0), or in the absence of the mimetic potential
(# =0), Eq. (41) reduces to
3 36
S +—08,——5=0, 42
R iy (42)

which is the result obtained in standard cosmology [79]. This
implies that the presence of the mimetic potential plays an

important role in studying the evolution of perturbation in
mimetic cosmology. In other words, in the absence of the
mimetic potential, the perturbed equation for the density
contrast, d,,, in the linear regime, coincides with the ones
in standard cosmology. Also in order to express J,, as a
function of z, we can change the variable from the scale
factor to the redshift parameter z. In this way, Eq. (41)
transforms to

d%s 1 dé
1 2 m 1 m
(1+32) dz? +2( +2) dz
+30 +z)(3”“){ al }dé'"
2 (14 B)pmo —4o(1 +2)* ) dz
3 ot (=1 +38)(1 4+ 2)
_(1+ﬂ){/’ 0+ (=1438)A( +Z3)ﬁ }5’"_0.
2 (l +ﬂ)pm,0_/10(1 +Z)
(43)
In this work, we assume QJ =0.05, Q) =0.26, and

Q?, =0.69. Thus from Egs. (13) and (14) we have
Ao/ Pmo = Q)/QY, = +5.2, (g > 0). Therefore, Eq. (43)
admits the following analytical solution:

1923(1+5) )
10000(1+2z)%

1923(1+p)
10000(1 +z)3ﬂ> }M

ém(z): {Cl(1+z)a+2Fl <’7+’7’]—7S+,

+C2(1 +Z)a7 X2Fl <I’]+,l’]_,s_,
(44)
where C; and C, are integration constants and

= [-19230000 + (36979298 + 3697929) (1 + z
X [—10000+ (1923 +19238) (1 + )—3/"]5/4

)= 1/4

_ _ 2
= ngf\/ 1754294 + 4417 4= ﬂ

1
Ny =— { IOS,B:F35+\/_\/—175+294ﬂ+441ﬂ2}

84p

S.= :{:4;ﬁ{:|: 42ﬁ+f\/—175+294ﬁ+441ﬁ2}

(45)

To obtain the integration constants, we note that for large
values of the redshift parameter, the parameter f goes to zero
where the GR limit is recovered. We therefore consider the
adiabatic initial conditions for matter perturbations as [79]

ds,,(2)

5m(zi)
dz (lz:zi) - -

l-l-Z,"

(46)

where 6,,(z;) is the initial value for the density contrast at
z = z;. In Fig. 8, we have plotted the matter density contrast
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FIG. 8. The evolution of the matter density contrast for different
values of f# during the evolution of the Universe. We have chosen
S,(z;) = 0.0001 and z; = 400.

as a function of redshift for different values of f parameter
and for redshifts 10 < z < 100. We observe that in the
framework of mimetic gravity, the growth of matter pertur-
bations is larger than the ACDM model. Indeed, the density
contrast of matter starts growing from its initial value and, as
the Universe expands, the matter density contrast grows up
faster and deviates from the ACDM profile. We find out that
the f parameter affects the growth of matter perturbations,
in particular in the lower redshifts. In fact, the growth of
perturbations increases with increasing /3, which reveals the
influences of the mimetic field. The physical reason behind
this behavior comes from the fact that the mimetic field
encodes an extra longitudinal degree of freedom to the
gravitational field, which can support the growth of matter
perturbations. We remind that the Universe goes through
several phase transitions during its formative stages. Cosmic
reionization is the last of them, where ultraviolet and x-ray
radiation escape from the first generations of galaxies
heating and ionizing their surroundings and subsequently
the entire intergalactic medium [89]. This occurred between
150 million and one billion years after the big bang
(6 < z <20) [89]. The results suggest that the Universe
was approaching the end of reionization around z = 6. It
suggests that the Universe must still have been almost
entirely neutral at z > 10. This is the physical reason that
we take the perturbations for 10 < z < 100 in Fig. 8 [89].

We can investigate the growth rate of matter perturba-
tions which is given by the growth function as [75]

_dlnD
" dlna’

f(a) D(a) = ———=. (47)

Let us note that in the absence of the mimetic field (15 = 0),
or in the absence of the mimetic potential (# = 0), the

0.2

FIG. 9. The evolution of the growth function for different
values of f# parameter, where the solid line is for f# = —1.1, the
dash-dotted line is for # = —1.2, and the long dashed line is for
ACDM.

growth function is a constant of unity. In Fig. 9 we have
plotted the growth function in terms of the redshift
parameter. We observe the amplitude of perturbations in
high redshifts corresponds to the unity, but it starts to
decrease at low redshifts similar to the ACDM model.
Therefore, the role of potential (DE), like A, is to reduce the
growth function from unity. Besides, the current value of
f(z) crucially depends on the § parameter and decreases
with decreasing .

We can also measure the growth rate matter perturbations
from the redshift-space distortion of the clustering pattern
of galaxies. This distortion is caused by the peculiar
velocity of inward collapse motion of the large-scale
structure, which is directly related to the growth rate of
the matter density contrast J,, [90]. Recent galaxy redshift
surveys have provided bounds on the growth rate f(z) or
f(z)og(z) in terms of the redshift where f(z) is from
Eq. (47)) and oy is the rms amplitude of §,, at the comoving
scale 84! Mpc [91,92] and can be written as [93]

wl) =g D=0 @)

where we have assumed og(z = 0) = 0.983 [92], and we
have shown the redshift evolution of f(z)og(z) for different
values of f parameter in Fig. 10. We see that the growth rate
of models with potential (nonzero f) is smaller than the
model without potential. Although the behavior of models
with potential is similar for large redshifts, in small red-
shifts (z < 1) the model with a larger  parameter predicts a
larger value of the cosmological growth rate. From Fig. 10
we observe that in small redshifts, the growth rate function
with potential is smaller than the ACDM model. Also one
can see that the evolution of the function fog for f = —1.2,
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FIG. 10. The behavior of f(z)og(z) for different values of
parameter.

is very similar to the ACDM theory. The difference can
be traced back to the linear regime of the solutions. The
present value of fog for f = —1.14 is greater than of the
ACDM value. Also we see for a larger value of  parameter
fog reaches the maximum value at smaller redshifts.
In other words, with increasing the role of potential
(DE) the large structures have been formed later in this
mimetic gravity.

IV. MASS FUNCTION AND CLUSTER
NUMBER COUNTS

Besides the evolution of matter density contrast, in the
present work the number count of the collapsed objects in
the mimetic scenario is also emphasized. The gravitational
collapse of the matter overdensity is the basic process of
large scale structure formation in the Universe. The objects,
formed by the collapse, are called the DM halos. Due to
gravitational attraction the baryonic matter follows the
distribution DM. Hence the galaxy clusters are embedded
in the DM halos. The observed distribution of galaxy
clusters provides the information about the distribution of
DM halos in the Universe. In this section, using the SC
model, we study the DM halo mass function and the
number distribution in the context of mimetic cosmology.

Now we want to use the Press-Schechter approach in
order to estimate the number counts of DM halos for
different bins of redshifts and halo masses [94]. The Press-
Schechter formalism assumes the fraction of mass in the
Universe contained in gravitationally bound systems with
masses greater than M is given by the fraction of space
where the linearly evolved density contrast exceeds a
threshold 6., and that the density contrast is normally
distributed with zero mean and variance o*(M)—the
root-mean-square value of the density contrast § at scales
containing mass M. Therefore, it is assumed that for a
massive sphere to undergo gravitational collapse at a

redshift z its linear overdensity should exceed a threshold
5.(z). Notice that only linear quantities are used in this
formalism. The key quantity in the SC is the critical
overdensity &.(z.) at a given collapse redshift z.. It is
defined as the value of the linear density contrast at the
redshift where the nonlinear density contrast diverges.
In other words it is defined as the final value (i.e., at
redshift z,.) of the linear evolution of a given spherical
top-hat initial perturbation that actually collapses at z,.
according to the full nonlinear equations.

These assumptions lead to the well-known analytical
formula for the comoving number density of collapsed
halos of mass in the range M and M + dM at a given
redshift z [95]:

dn — [2pno 8.(2) dlno'(M,Z)eX {

5(2)
aM~ Nz M 6(M,z) dM }

267 (M,2)|’
(49)

where p, o is the present matter mean density of the
Universe and &.(z) is the linearly extrapolated density
threshold above which structures collapse, i.e., 8.(z) =
5(z.). In an Einstein-de Sitter universe, an overdensity
region collapses with a linear contrast 6. = 1.686 [96]. In
order to obtain §,. in terms of the redshift parameter z, we
consider linear equation (41) for the spherical region where
0, = 0.. This equation with using the differential-radius
method [97] has the solution in the form §,.(a) a§A+3)/ 4, in
far redshifts. In other words with 1 4 z o #72/3, we can see the
time dependence 5. t™, where m=(\/1+24Q,,—1)/6
[98]. Therefore, its solution can be written as

5; 1 (1 +zi\ (A-D/4
=3 ()5 @

where A = /25 — 723 depends on the model parameter /3.
Let us note that for an initial perturbation §; = 10~ and
1 + z; = 108, and the overdensity region collapses at redshift
z. = 2.558, Eq. (50) gets 6, = 1.686, which corresponds to
the EdS value. The quantity

6(M,z) = D(z)oy (51)

is the linear theory “rms” density fluctuation in spheres of
comoving radius R containing the mass M, where D(z) =
8,u(2)/8,,(z = 0) is the linear growth function obtained from
Eq. (47)). The smoothing scale R is often specified by the
mass within the volume defined by the window function at
the present time, see e.g., [75]. In our analysis the variance
of the smoothed overdensity containing a mass M is given

by [99]
M\ —r(M)/3
Opm = 03 <E> ) (52)
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where Mg = 6 X 101491(‘2)}1‘1 M is the mass inside a sphere
of radius Rg = 84~! Mpc, and oy is the variance of the
overdensity field smoothed on a scale of size Rg [99]. The
index y(M) is a function of the mass scale and the shape
parameter, I', of the matter power spectrum [99]

y = (030 +0.2) [2.92 + %log (Mﬂg)] . (53)

In our study we use I' = 0.167 [100].
Denoting 7(M) = dIno(M, z)/dM,

F(M) = (037 +0.2) [2.92 + glog (M%)] L (54)

we can rewrite Eq. (49) as

dn me 0 SC(Z) ~
= = M —
dM T M o(M,z) 7(M) exp

5(2)
2201, Z)] . (55)

For a fixed og (power spectrum normalization) the predicted
number density of DM halos given by the above formula is
uniquely affected by the DE models, with different f
parameter, through the ratio §./D(z). In Fig. 11, we have
shown the redshift evolution of the mass function
[dn/dM(1/Mpc?)] of objects with mass 10"*A~! M for
different § parameter. From this figure, we can investigate
the modifications caused by a DE component on the number
of DM halos. We observe that the mass function of models
with potential (nonzero f) starts to grow around z ~ 2.
Besides, the mass function for f = —1.01, —1.4 is smaller
than the ACDM model, while for # = —1.4 its present value

0.003

0.0021

dn/dM

0.0017

FIG. 11. The evolution of mass function for objects with mass
M = 103 (h~" M) with different # parameter, where the dash-
dotted line is for f = —1.6, the dashed line is for f = —1.4, the
dotted line is for # = —1.01 and the solid line is for ACDM.

corresponds to the ACDM model. Also the smaller value of
p parameter gives larger halo abundances. In other words
from Fig. 11, we find out that by reducing the role of DE,
then the comoving number density becomes more. We can
see that with decreasing the role of DE (for smaller f
parameter), the mass function starts to grow in smaller
redshifts; i.e., halo abundance is formed later. Also we find
this same qualitative behavior within the mass range,
1013-10'h~! M, for dark energy models with different
[ parameter.

The effect of dark energy on the number of DM halos
is studied by computing two quantities. The first is all sky
number of halos per unit of redshift, in a given mass
bin [98]

dN w dn
bm _ _ dM
N A,, [v, dM d dQ (56)

where the comoving volume element is given by

dv(z) r*(z)
dzdQ H(z)’

(57)

where r(z) = [§ H™'(x)dx is the comoving distance. We
have plotted the redshlft evolution of the comoving volume
element [dV/dzdQ(Mpc?)] with different 8 parameter in
Fig. 12. As we see the comoving volume element is larger
for smaller values of § parameter. Note that the comoving
volume element does not depend on the growth factor of the
perturbation D(z), but only on the cosmological back-
ground. The number counts in mass bins, N = dN/dz,
obtained from Eq. (56), is shown in Fig. 13. In this figure
we show it for the f = 0 model and for different mass bins
[Mine. Mg,y] as [10'2,108]A7" Mg, [10"3,10"]n7" M,

2.x107 1

15%x 101

1.x10" "1

dv/dz

5.% 1074

FIG. 12. The behavior of the comoving volume element with
different  parameter, where the dashed line is for f = —1.4, the
dotted line is for f = —1.2, the solid line is for # = —0.09, and the
dash-dotted line shows it for g = 0.
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FIG. 13. The evolution of number counts with redshift from the

/ = 0 model for objects with mass within the range, the dashed
line for 102 < M/(h™'M ®) < 10"3, the dash-dotted line for
108 < M/(h"'M ©) < 10", and the solid line for 10 <
M/(h™'M ©) < 10,

[10'4,1015]h~! M. As we see the more massive structures
are less abundant and form at later times, as it should be in
the hierarchical model of structure formation. Also the
second quantity is the all sky integrated number counts
above a given mass threshold, M,,; and up, to redshift [98]

o fzdn dV
M>My)= | do M C _umdZ. (58
N (2.M > My) / Am%dez,dQ ¢ (58)

V. CONCLUSION AND DISCUSSION

The discovery that the expansion of the Universe is
accelerating has led to large observational programs being
carried out to understand its origin. New facilities are being
designed and built aiming to measure the expansion history
and the growth of structure in the Universe with increasing
precision out to greater redshifts. Since the dark sectors
change the expansion history of the Universe and the
evolution of matter density perturbations, these new facili-
ties will not only test the current period of accelerated
expansion but also explain the nature of the dark sectors.

In this paper, we have investigated the evolution of
the matter perturbations in the context of mimetic gravity
for different values of the model parameters. We have

employed the SC formalism in order to examine the
perturbations and worked in the linear regime. We pro-
posed the mimetic potential (which plays the role of DE) is
proportional to the mimetic DM density, i.e., V « 1. With
this ansatz, we found out A ~ a=3(*#) implying an inter-
action between DE and DM in this model. The density
contrast has similar behavior for different values of S
parameter; that is, it starts from its initial value and then it
grows up at low redshifts. Besides, the density contrast
grows faster for larger values of f parameter. Furthermore,
as the value of the  parameter decreases, then the growth
of matter perturbations is decreasing, too. In other words
we see that the growth rate of models with potential
(nonzero f) is smaller than the model without potential.
Also we studied the modifications caused by a dark energy
component on the number of DM halos as the smaller value
of f parameter gives larger halo abundances. Also we see
that for smaller f parameter and therefore with decreasing
the role of DE, the mass function starts to grow in smaller
redshifts; i.e., halo abundance is formed later. Also we see
the comoving volume element is larger for smaller values
of f parameter. In addition we found the number counts in
mass bins for the more massive structures are less abundant
and form at later times, as it should be in the hierarchical
model of structure formation. We also studied the evolution
of the density parameters. We observed that the evolution of
the matter density abundance and the DM density abun-
dance for different values of f decrease by decreasing the
redshift. We found out that the density abundance of matter,
consist of baryonic and DM, drops slower for larger values
of f. From the evolution of the deceleration parameter, we
see that the Universe experiences a phase transition from
decelerating phase to accelerating phase around redshift
Zy ~ 0.6 which is compatible with observational data.

It is interesting to constrain the model presented here by
using observational data, such as observations of type la
supernova and baryon acoustic oscillations. We leave this
issue for future investigations.
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